Abstract The goal of this study was to determine whether the endocannabinoid system is altered by chronic antidepressant treatment. The effects of 3-week administration of the monoamine oxidase inhibitor, tranylcypromine (10 mg/ kg) and the selective serotonin reuptake inhibitor, fluoxetine (5 mg/kg) on cannabinoid CB 1 receptor densities and endocannabinoid contents were determined in limbic brain regions of the rat. Tranylcypromine significantly reduced tissue content of the endocannabinoid N-arachidonylethanolamine (anandamide) in the prefrontal cortex, hippocampus and hypothalamus and increased 2-arachidonoylglycerol content in the prefrontal cortex. Tranylcypromine treatment significantly increased CB 1 receptor binding density in the prefrontal cortex and hippocampus, but not in the hypothalamus. Treatment with fluoxetine increased CB 1 receptor density in the prefrontal cortex, but had no effect on endocannabinoid contents in any brain region examined. These data suggest that monoaminergic neurotransmission can regulate the endocannabinoid system and further indicates a role of the endocannabinoid system in affective illness and its treatment.
Introduction
The endocannabinoid system is a neuromodulatory system in the brain composed of a G-protein coupled receptor (CB 1 ) and at least two arachidonate-derived endogenous ligands, N-arachidonylethanolamine (anandamide or AEA; Devane et al. 1992 ) and 2-arachidonoylglycerol (2-AG; Sugiura et al. 1995) . Several lines of evidence suggest that the endocannabinoid system is a possible target for the treatment of neuropsychiatric disease, particularly depression (Hill and Gorzalka 2005b; Mangieri and Piomelli 2007; Witkin et al. 2005) . For example, the cannabinoid CB 1 receptor is located in brain regions involved in stress regulation and emotion, such as the prefrontal cortex, hypothalamus and hippocampus (Herkenham et al. 1991) . Furthermore, the endocannabinoid system regulates neurovegetative, motivational and emotional processes, all of which are disturbed in depression (reviewed in Hill and Gorzalka 2005b) .
In line with a role of the endocannabinoid system in depressive illness, many of the neural systems implicated in the etiology of depression exert regulation over the endocannabinoid system. Specifically, a large body of evidence implicates corticosteroids in the pathophysiology of depression (Holsboer 2000; Parker et al. 2003) , and it has been shown that the endocannabinoid system is down regulated in the hippocampus by chronic stress or glucocorticoid administration (Hill et al. 2005 (Hill et al. , 2008a . Similarly, there is evidence that monoaminergic neurotransmission may be altered in depression (Ressler and Nemeroff 2000) ; however, the extent to which endocannabinoid activity is modulated by monoamines is not well understood. Serotonin is believed to play an important role in permitting CB 1 receptor signaling (Devlin and Christopolous 2002) , and dopamine receptor agonists and antagonists have been shown to regulate endocannabinoid content (Patel et al. 2003; Tzavara et al. 2006 ), but few other studies have examined the extent to which monoaminergic signaling modulates the endocannabinoid system.
The current study determined the effects of two conventional antidepressants, which potentiate monoaminergic neurotransmission via different mechanisms, on endocannabinoid signaling as an approach to clarify the both the role of endocannabinoid signaling in the mechanism of action of anti-depressants and its regulation by monoamine systems. A recent report from our group demonstrated that the tricyclic antidepressant, desipramine (which largely functions as a noradrenergic uptake inhibitor), increases cannabinoid CB 1 receptor density in the hypothalamus and hippocampus (Hill et al. 2006) ; however, the extent to which these findings can be generalized to other classes of antidepressants is unknown. In the present study, we have examined the effect of a 3-week treatment of rats with drugs from two other major classes of antidepressants, monoamine oxidase inhibitors (MAOI) and selective serotonin reuptake inhibitors (SSRI), on biochemical parameters of the endocannabinoid system in brain regions implicated in depression.
Methods

Subjects and treatment
Male Sprague-Dawley rats (70 days of age, 250-300 g) housed in groups of three in triple wire mesh cages were used in this study. Colony rooms were maintained at 21°C, and on a reverse 12 h light/dark cycle, with lights on at 0700 hours. All rats were given ad libitum access to Purina Rat Chow and tap water. Subjects were randomly assigned to one of three conditions for chronic antidepressant administration: (1) vehicle (0.9% saline); (2) tranylcypromine (10 mg/kg; Sigma, Canada); (3) fluoxetine (5 mg/kg; Pfizer). All subjects were administered a daily intraperitoneal injection of their respective drug or vehicle for 21 days. Twenty hours following the last injection, all animals were rapidly decapitated and their brains were removed and the prefrontal cortex, hippocampus and hypothalamus were sectioned out on dry ice and flash frozen in liquid nitrogen as previously described (Hill et al. 2006) . Tissues were stored at -80°C until analysis. All animal protocols were approved by the Animal Ethics Committee of the University of British Columbia and were consistent with the standards of the Canadian Council for Animal Care. CB 1 receptor binding assay Dissected brain sections were homogenized in 10 volumes of 0.32 M sucrose containing 3 mM HEPES (pH 7.5; N-2-Hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid) and 1 mM EDTA (ethylenediaminetetraacetic acid). The homogenates were centrifuged at 1,000 9 g for 10 min, and the supernatant was centrifuged again at 18,000 9 g for 20 min after which the remaining supernatant was rapidly decanted. The remaining pellet, which is the membrane fraction, was resuspended in 1-2 mL TME buffer (50 mM Tris HCl, pH 7.4; 1 mM EDTA and 3 mM MgCl 2 ) containing 1 mM sodium orthovanadate. Protein concentrations were determined by the Bradford method (Bio-Rad, Hercules, CA).
CB 1 receptor binding assays were performed using a Multiscreen Filtration System with Durapore 1.2-lM filters (Millipore, Bedford, MA) as described previously (Hillard et al. 1995) . Incubations (total volume = 0.2 mL) were carried out using TME buffer containing 1 mg/mL bovine serum albumin (TME/BSA). Membranes (10 lg protein per incubate) were added to the wells containing 0.25, 0.5, 1.0 or 2.5 nM 3 H-CP 55,940, a cannabinoid CB 1 receptor agonist. Ten lM D 9 -THC was used to determine nonspecific binding.
Endocannabinoid quantification
Brain tissue samples were subjected to a lipid extraction process exactly as described previously (Patel et al. 2003) . The content of both AEA and 2-AG within lipid extracts were determined using isotope-dilution liquid chromatography/mass spectrometry as described previously .
Statistics
Comparison of the effects of chronic antidepressant treatment on parameters of CB 1 receptor binding (n = 3-4 animals/group) and endocannabinoid content (n = 6-8 animals/group) were analyzed using a one-way analysis of variance. Following analysis, a Dunnett's test was employed to compare each group to vehicle treated animals. Based on our previous study demonstrating that chronic tricyclic antidepressant treatment increased CB 1 receptor density in the hippocampus and hypothalamus (Hill et al. 2006) , our a priori hypothesis was that MAOI and SSRI antidepressants would do the same; thus, Dunnett's tests were one tailed in the analyses of B max values. There were no a priori hypotheses made for endocannabinoid content in any brain region. Significance was established against an alpha level of 0.05.
Results
The effects of chronic antidepressant treatment on the endocannabinoid system were both region-and drugspecific. With regard to CB 1 receptor binding, ANOVA indicated a significant effect of antidepressant treatment on the density (B max ) of the CB 1 receptor in the prefrontal cortex [F(2, 11) = 6.01, p \ 0.03; Fig. 1 In the hippocampus, ANOVA revealed that antidepressant treatment significantly affected AEA content [F(2, 21) = 16.95, p \ 0.001; Fig. 2 ]. Analysis with a Dunnett's test revealed that tranylcypromine produced a highly significant reduction in hippocampal AEA content (p \ 0.001) while fluoxetine had no effect (p [ 0.05). There was no effect of antidepressant treatment on 2-AG content in the hippocampus [F(2, 20) = 1.63, p [ 0.05; Table 1 ].
In the hypothalamus, there was no significant effect of antidepressant treatment on the B max [F(2, 10) = 0.81, p [ 0.05; Fig. 1 Anandamide content in the hypothalamus was significantly reduced by antidepressant treatment [F(2, 22) = 3.56, p \ 0.05; Fig. 2] , with Dunnett's test demonstrating that tranylcypromine treatment significantly reduced AEA content in the hypothalamus (p \ 0.03), whereas fluoxetine had no effect (p [ 0.05). There was no effect of antidepressant treatment on 2-AG content in the hypothalamus [F(2, 22) = 0.41, p [ 0.05; Table 1 ]. 
Discussion
The current study demonstrates that chronic treatment with tranylcypromine and fluoxetine can elicit region-specific alterations in the endocannabinoid system that appear to be specific to the monoaminergic system targeted by each agent. The data presented herein, together with our previous study (Hill et al. 2006) indicate that endocannabinoid signaling is regulated by chronic modulation of the monoaminergic systems by three different anti-depressant drugs, but that there is no change in signaling that is common to all three classes.
One functional response to chronic treatment with some classes of antidepressants is a reduction in stress-induced hypothalamic/pituitary/adrenal (HPA) axis activation (Hill et al. 2006; Duncan et al. 1996; Connor et al. 2000) . We have shown previously that 21-day treatment with desipramine produced a significant increase in hypothalamic CB 1 receptor density and that this change was involved in the effects of desipramine to dampen HPA axis reactivity (Hill et al. 2006 ). However, we report herein that hypothalamic CB 1 receptor density is not affected by 21-day treatment with either tranylcypromine or fluoxetine, so an increase in hypothalamic CB 1 receptor density is not a common mechanism among anti-depressants. Interestingly, however, the tricyclics are known to be the most efficacious among the three classes we examined, for reducing HPA axis activation (Duncan et al. 1996; Connor et al. 2000) and the differential effect of desipramine compared to fluoxetine and tranylcyramine could underlie this characteristic. On the other hand, 21-day treatment with tranylcypromine significantly decreased AEA content in the hypothalamus. Deficits in endocannabinoid signaling, presumably within the hypothalamus, are associated with hyperresponsiveness (Cota et al. 2007; Patel et al. 2004) and/or reduced feedback regulation of the HPA axis (Cota et al. 2007 ). Interestingly, both of these phenomena have been documented following chronic treatment with an MAOI antidepressant (Duncan et al. 1996; Kier et al. 2005) . Taken together, our data suggest that differential effects on endocannabinoid signaling within the hypothalamus could contribute to the differential effects of pharmacologically distinct antidepressants on the HPA axis.
Both tranylcypromine and fluoxetine increased CB 1 receptor density in the prefrontal cortex. This increase in CB 1 receptor density in the prefrontal cortex is in agreement with a report that chronic fluoxetine treatment enhances signal transduction elicited by activation of the CB 1 receptor in the prefrontal cortex (Pazos et al. 2005) . Interestingly, it has recently been demonstrated that activation of CB 1 receptors in the ventromedial prefrontal cortex (PFC) increases the firing activity of serotonergic neurons in the dorsal raphe (Bambico et al. 2007 ). Upon initial exposure to antidepressants, dorsal raphe neurons exhibit reductions in firing activity; following repeated antidepressant treatment, firing activity increases back to baseline levels, a phenomenon which is believed to correlate to the clinical onset of action of these drugs (Czachura and Rasmussen 2000; Besson et al. 2000; Mongeau et al. 1997) . It is believed that the increase in firing rate of raphe neurons following chronic fluoxetine is due to a disinhibition of inhibitory raphe 5-HT 1A receptors (Mongeau et al. 1997; Le Poul et al. 1995) ; however, given the current data it is also possible that antidepressants which modulate serotonergic neurotransmission may increase prefrontal cortical CB 1 receptor activity, in an attempt to increase and normalize raphe neuron firing. Recent reports, however, have demonstrated that prefrontal cortical CB 1 receptors are increased in depressed, suicide victims (Hungund et al. 2004 ) and in rodents following chronic stress (Bortolato et al. 2007; Hill et al. 2008b ). There are two possibilities to account for this apparent discrepancy with the current report. First, an increase in CB 1 receptor binding in the PFC in depression and following chronic stress, could be a compensatory response launched to increase the activational drive on the raphe nuclei and enhance serotonergic neurotransmission. Alternately, it is possible that CB 1 receptors in distinct neuronal populations are differentially altered in depressed states or following antidepressant treatment. Determination of the neuronal localization of changes in CB 1 receptor density in animal models of depression and antidepressant regimens is clearly needed and will aid significantly in the interpretation of these and other data. It is interesting that 21-day treatment with tranylcypromine, but not fluoxetine, was found to evoke a ubiquitous reduction in AEA content in every limbic region examined in this study. An important difference between the mechanism of action of tranylcypromine compared to fluoxetine and desipramine (Hill et al. 2006 ) is that tranylcypromine inhibits monoamine oxidase activity, as opposed to uptake of specific monoaminergic neurotransmitters, and thus in addition to increasing serotonergic and noradrenergic activity, this agent exhibits the ability to augment dopamine transmission. Therefore, the differential effect of tranylcypromine to modulate AEA content could be via enhancement of dopaminergic signaling. This idea is in line with previous work demonstrating that both a dopamine reuptake inhibitor and a dopamine D1 receptor agonist reduced AEA content in the limbic forebrain (Patel et al. 2003) , as well as the finding that mice lacking the dopamine transporter exhibit a selective reduction in AEA in the striatum (Tzavara et al. 2006) .
While the effects of tranylcypromine on AEA were regionally non-specific, tranycypromine elicited a significant increase in 2-AG content in the PFC exclusively. Some data in the literature suggest that the reciprocal changes in AEA and 2-AG are mechanistically related. For example, genetic overexpression of FAAH in the prefrontal cortex, which results in a substantial reduction in AEA content, causes a significant increase in 2-AG levels in the PFC (Rubino et al. 2008) . Maccarrone et al. (2008) have recently shown that AEA inhibits 2-AG synthesis and physiological actions in the striatum. These studies suggest that tranylcypromine downregulates AEA content in the PFC, which in turn results in an increase in 2-AG activity. However, this relationship requires further exploration, including an explanation for why this is only observed in the PFC.
In the hippocampus, 21-day treatment with tranylcypromine but not fluoxetine produced a significant increase in the density of CB 1 receptors and a significant reduction in tissue AEA content. It is possible that the increase in CB 1 receptor binding sites produced by tranylcypromine is a compensatory response to reduced levels of its ligand, AEA; however, CB 1 receptor regulation is not always coupled to tissue content of ligand and does not behave like similar G-protein coupled receptors, which exhibit agonist dependent regulation of expression (Hill et al. 2005; Kola et al. 2005; Romero et al. 1995; Maccarrone et al. 2008) . Further, if the primary signaling ligand for the CB 1 receptor is 2-AG and not AEA (Makara et al. 2005; Hashimotodani et al. 2007) , then the reduction in AEA content may be irrelevant with regards to mechanisms of CB 1 receptor regulation. Given these bidirectional effects of tranylcypromine on the endocannabinoid system in the hippocampus, the functional relevance of these changes is currently unclear.
In conclusion, these data demonstrate that the endocannabinoid system is differentially regulated by two classes of antidepressants in a region-specific fashion throughout the limbic system. The mechanistic differences between the antidepressants used suggest that dopaminergic transmission could be integral for regulating limbic AEA content, whereas 5-HT may be particularly relevant for CB 1 receptor regulation in the PFC. To date, preclinical research has produced a contradictory body of evidence regarding the potential role of the endocannabinoid system in affective diseases such as depression, with studies indicating that either facilitation (Hill and Gorzalka 2005a, b; Hill et al. 2007; Gobbi et al. 2005; Bortolato et al. 2007; Mangieri and Piomelli 2007) or inhibition (Witkin et al. 2005; Griebel et al. 2005 ) of endocannabinoid signaling could represent a novel target for the development of antidepressants. The current data add to the growing body of literature by demonstrating that the endocannabinoid system is modified by antidepressant treatment. However, there is no single change that is common across all classes of antidepressants. Ultimately, these data highlight the importance of understanding the regional and neuronal localization of CB 1 receptors as well as the different physiological functions of AEA and 2-AG before these data can be reconciled to a broader theory.
